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Abstract: We construct a 5D Z2-symmetric model with three D3-branes: two IR ones
with negative tension located at the ends of an extra-dimensional interval and a UV-
brane with positive tension placed in the middle of the interval – IR-UV-IR model. The
background solutions for this geometric setup are found without and with taking into
account the backreaction of the matter fields. A 5D SU(2) Higgs doublet is employed
as the Goldberger-Wise stabilizing field in this geometry and solutions of the 5D coupled
scalar-gravity equations are found by using the superpotential method. Within this setup
we investigate the low-energy (zero-mode) effective theory for the bulk Standard Model
(SM) bosonic sector. The Z2-even zero-modes correspond to known standard degrees of
freedom, whereas the Z2-odd zero modes might serve as a dark sector. The effective low-
energy scalar sector contains a scalar which mimics the SM Higgs boson and a second stable
scalar particle (dark-Higgs) is a dark matter candidate; the latter is a component of the
zero-mode of the Z2-odd Higgs doublet. The model that results from the Z2-symmetric
background geometry resembles the Inert Two Higgs Doublet Model. The effective theory
turns out to have an extra residual SU(2) × U(1) global symmetry that is reminiscent
of an underlying 5D gauge transformation for the odd degrees of freedom. At tree level
the SM Higgs and the dark-Higgs have the same mass; however, when leading radiative
corrections are taken into account the dark-Higgs turns out to be heavier than the SM
Higgs. Implications for dark matter are discussed; it is found that the dark-Higgs can
provide only a small fraction of the observed dark matter abundance.
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Figure 1: Cartoon of RS1 geometry.
The seminal work of Randall and Sundrum
(RS) [1] provides an elegant solution to the
hierarchy problem. Their proposal involves
an extra-dimension with a non-trivial warp
factor due to the assumed anti-de Sitter
(AdS) geometry along the extra-dimension.
In their model an AdS geometry on an
S1/Z2 orbifold is considered which is equivalent to a line-element 0 ≤ y ≤ L, where y
is the coordinate of the fifth-dimension and L = pirc, with rc being the radius of the cir-
cle in the fifth-dimension. Moreover, their model involves two D3-branes localized on the
fixed points of the orbifold, a “UV-brane” at y = 0 and an “IR-brane” at y = L (our
nomenclature will become clear below), see Fig. 1. The solution for the RS geometry is
[1, 2],
ds2 = e2A(y)ηµνdx
µdxν + dy2, with A(y) = −k|y|, (1.1)
where k is the inverse of the AdS radius. In the original RS1 model [1] it was assumed that
the Standard Model (SM) is localized on the IR-brane, whereas gravity is localized on the
UV-brane and propagates through the bulk to the IR-brane. They famously showed that
if the 5D fundamental theory involves only one mass scale M∗ – the Planck mass in 5D –
then, due to the presence of non-trivial warping along the extra-dimension, the effective
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mass scale on the IR-brane is rescaled to mKK ∼ ke−kL ∼ O( TeV) and hence ameliorates
the hierarchy problem for mild values of kL ∼ O(35).
Soon after the RS proposal, many important improvements to the model were consid-
ered. First, a stabilization mechanism for the RS1 setup was proposed by Goldberger and
Wise [3]; it employs a real scalar field in the bulk of AdS geometry with localized potentials
on both of the branes, see also [4]. A second interesting observation, which could poten-
tially solve the fermion mass hierarchy problem within the SM, was made by many groups
[5–9]. The core idea of these works was to allow all the SM fields to propagate in the RS1
bulk, except the Higgs field which was kept localized on the IR-brane. In this way, the
zero-modes of these bulk fields correspond to the SM fields and the overlap of y-dependent
profiles of fermionic fields with the Higgs field could generate the required fermion mass
hierarchy. To suppress the electroweak (EW) precision observables, the symmetry of the
gauge group was enhanced by introducing custodial symmetry in Ref. [10]. The common
lore, in the RS1 model and its extensions, was to keep the Higgs field localized on the IR-
brane in order to solve the hierarchy problem. The first attempt to consider the Higgs field
in the bulk of RS1 was made by Luty and Okui [11]. They employed AdS/CFT duality 1
to argue that a bulk Higgs scenario can address the hierarchy problem by making the Higgs
mass operator marginal in the dual CFT.
A study of electroweak symmetry breaking (EWSB) within the bulk Higgs scenario was
first performed in the RS1 setup by Davoudiasl et al. [14]; they showed that the zero-mode
of the bulk Higgs is tachyonic and hence could lead to a vacuum expectation value (vev)
at the TeV scale. Recently there have been many studies where a bulk Higgs scenario is
considered from different perspectives — see for example: a study with custodial symmetry
in the Higgs sector[15]; models with a soft wall setup [16]; bulk Higgs mediated FCNC’s [17];
suppression of EW precision observables by modifying the warped metric near the IR-brane
[18–20]; and, a bulk Higgs as the modulus stabilization field (Higgs–radion unification)
[21]. Different phenomenological aspects after the Higgs discovery were explored in [22–
29]. These phenomenological studies show that the RS1 model with bulk SM fields and its
descendants with modified geometry (RS-like warped geometries in general) are consistent
with the current experimental bounds and EW precision data.
A separate category of generalization of the RS models is based on the assumption that
the singular branes are replaced with thick branes which are smooth field configurations of
the bulk scalar field, see e.g. [4] and [30, 31].
As we discussed above, RS-like warped geometries, being consistent with the experi-
mental data, offer an attractive solution to many of the fundamental puzzles of the SM,
mostly through geometric means. In the same spirit, one can ask if RS-like warped extra-
dimensions can shed some light on another outstanding puzzle of SM, the lack of a candidate
for dark matter (DM) which constitutes 83% of the observed matter in the universe [32]. It
appears that unlike (flat) universal extra-dimensions (UED), where the KK-modes of the
bulk fields can be even and odd under KK-parity (implying that the lowest KK-odd parti-
cle (LKP) could be a natural dark matter candidate [33, 34]), RS1-like models (involving
1For the phenomenological applications of AdS/CFT with RS1 geometry, see for example [12, 13].
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two branes and warped bulk) are unable to offer an analogue of KK-parity. The reason
lies in the fact that the RS1 geometry is just a single slice of AdS space and, since warped,
cannot be symmetric around any point along the extra-dimension and hence does not allow
a KK-parity. As a result it cannot accommodate a realistic dark matter candidate. To cure
this problem in the warped geometries, usually extra discrete symmetries are introduced
such that the SM fields are even while the DM is odd under such discrete symmetries in
order to make it stable [35–38]. Another way to mend this problem in warped geometries
is to introduce an additional hidden sector with some local gauge symmetries such that
only DM is charged under the hidden sector gauge symmetries and it couples to the SM
very weakly [39, 40], (see also [41]).
An alternative to introducing additional symmetries, is to extend the RS1-like warped
geometry in such a way that the whole geometric setup becomes symmetric around a fixed
point in the bulk. Two Z2 symmetric warped configurations are possible. In the first, two
identical AdS patches are symmetrically glued together at a UV fixed point, while in the
second two identical AdS pathes are symmetrically glued together at an IR fixed point.
The geometric configuration when the two AdS copies are glued together at the UV fixed
point will be referred as “IR-UV-IR geometry”, whereas the geometry corresponding to the
setup when two AdS copies are glued at the IR fixed point is called “UV-IR-UV geometry”.
We will only consider the IR-UV-IR geometric setup — it is straight forward to extend our
analysis to the UV-IR-UV geometries. (A common pathology associated with this latter
type of geometry is the appearance of ghosts.) We consider an interval y ∈ [−L,L] in
the extra-dimension, where on each end of the interval y = ±L there is a D3 brane with
negative tension (in Sec. 2.1 it will be clear why we need negative tension branes) and at
the center of the interval, y = 0, we place a positive tension brane where we assume that
gravity is localized 2. We call the boundary branes “IR-branes” and the brane at y = 0
we term the “UV-brane”. The IR-UV-IR geometry and a pictorial description of such a
geometric setup is shown in Fig. 2. Since the brane tensions of the two IR-branes are
the same, this geometry is Z2 symmetric. We are aware of only two earlier attempts to
construct a similar setup. The first [42] treated the lowest odd KK gauge mode as the DM
candidate. The second employed a kink-like UV thick brane [43] and the corresponding
dark-matter was the first odd KK-radion [44].
In this work, we place all the SM fields, including the Higgs doublet, in the bulk of
the IR-UV-IR geometry. We calculate the background solutions for our geometric setup
without and with taking into account the backreaction of matter fields. Since only 5D Higgs
doublet, present in the bulk as well on the branes, acquires y-dependent vev, therefore we
solve the full 5D scalar-gravity coupled set of Einstein equations to get solutions which
address the gauge hierarchy problem. Here 5D SU(2) Higgs doublet plays the role of the
Goldberger-Wise stabilization field and the values of Higgs vevs at the UV- and IR-brane
fix the distance between the branes. We find that for a weak backreaction, the UV-brane
Higgs vev has to be much smaller than that of the IR-brane. Moreover we show that
2One can smooth the singular branes in our setup by appropriate scalar field configurations — for smooth
brane modeling see for example [30] and references therein.
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Figure 2: The geometric configuration for IR-UV-IR setup, the parameters are defined in Sec. 2.1.
in order to have 4D cosmological constant zero at the IR branes one needs precisely one
fine-tuning, similar to RS1 [3, 4].
The geometric Z2 parity (y → −y symmetry) leads to “warped KK-parity”, i.e. there
are towers of even and odd KK-modes corresponding to each bulk field. In the weak
backreaction scenario we focus on EWSB induced by the bulk Higgs doublet and low energy
aspects of the 4D effective theory for the even and odd zero-modes assuming the KK-mass
scale is high enough ∼ O(few) TeV. In the effective theory the even and odd Higgs doublets
mimic a two-Higgs-doublet model (2HDM) scenario – the truncated inert-doublet model –
with the odd doublet similar to the inert doublet but without corresponding pseudoscalar
and charged scalars. All the parameters of this truncated 2HDM are determined by the
fundamental 5D parameters of the theory and the choice of boundary conditions (b.c.) for
the fields at y = ±L. (Note that the boundary or “jump” conditions at y = 0 follow from
the bulk equations of motion in the case of even modes, whereas odd modes are required
to be zero by symmetry.) There are many possible alternative choices for the b.c. at
±L. We allow the y-derivative of a field to have an arbitrary value at ±L as opposed
to requiring that the field value itself be zero, i.e. we employ Neumann or mixed b.c.
rather than Dirichlet b.c. at ±L. Only the former yields a non-trivial theory allowing
spontaneous symmetry breaking (SSB), whereas the latter leads to an explicit symmetry
breaking scenario in which there are no Goldstone modes and the gauge bosons do not
acquire mass. With these choices, the symmetric setup yields an odd Higgs zero-mode that
is a natural candidate for dark matter. We compute the one-loop quadratic (in cutoff)
corrections to the two scalar zero modes within the effective theory and discuss their mass
splitting. The dark matter candidate is a WIMP — we calculate its relic abundance in the
cold dark matter paradigm.
The paper is composed as follows. In Sec. 2, we setup the IR-UV-IR geometric
configuration and provide background solutions without and with backreaction due to the
presence of matter contents in the bulk and on the branes. We also discuss the manifestation
of KK-parity due the Z2 geometric setup. Section 3 contains the main part of our work.
There, we focus on EWSB for the SM gauge sector due to the bulk Higgs doublet in our Z2
symmetric geometry and obtain a low-energy 4D effective theory containing all the SM fields
plus a real scalar – a dark matter candidate – which is odd under the discrete Z2 symmetry.
In the subsequent two subsections of Sec. 3, we consider the quantum corrections to the
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scalar masses below the KK-scale ∼ O(few) TeV and explore the possible implications of
the dark-matter candidate by calculating its relic abundance. We summarize and give our
conclusions in Sec. 4. We supplement the main text with an Abelian Higgs mechanism,
with a complex scalar field and a gauge field, in our background geometry in Appendix A.
In the Abelian case we lay down the foundation for SSB due to bulk Higgs, which is useful
in the main text for the case of EWSB of the SM. Two apparently different approaches
are considered to study SSB in the Abelian case: (i) SSB by vacuum expectation values of
the KK modes; and, (ii) SSB via a vacuum expectation value of the 5D Higgs field. Low
energy (zero-mode) 4D effective theories are obtained within the two approaches and we
find that the effective theories are identical up to corrections of order O(m20/m2KK), where
m0 and mKK are the zero-mode mass and KK-mass scale, respectively.
2 A Z2 symmetric warped extra-dimension and KK-parity
In this section we provide the background solution for the Z2 symmetric background (IR-
UV-IR) geometry without and with backreaction due to the 5D matter fields and show
how KK-parity is manifested within this warped geometric setup.
2.1 The IR-UV-IR model: without backreaction
We consider the IR-UV-IR warped geometry compactified on an interval, −L ≤ y ≤ L,
where a UV-brane with positive tension is located at y = 0, and two negative tension
IR-branes are located at y = ±L. Note that the end points of the interval at y = ±L are
not the fixed points of the Z2, the only fixed point is at y = 0, which is different from the
S1/Z2 orbifold (RS1 geometry) where y = 0 and y = L are both fixed points of the Z2.
The 5D gravity action for such a geometry, without taking into account any backreaction
due to the presence of matter content, can be written as 3,
SG =
∫
d5x
√−g
{
R
2
− ΛB − λUV δ(y)− λIRδ(y + L)− λIRδ(y − L)
}
+ SGH , (2.1)
where R is the Ricci scalar, ΛB is the bulk cosmological constant and λUV (λIR) are the
brane tensions at the UV(IR) fixed points. Above and henceforth the Dirac delta functions
at y = ±L are defined in such a way that their integral is 1/2. Since our geometry is
compact with boundaries, the action contains the Gibbons-Hawking boundary term, 4
SGH = −
∫
∂M
d4x
√
−gˆK, (2.2)
where K is the intrinsic curvature of the surface of the boundary manifold ∂M, given by
K = −gˆµν∇µnν = gˆµνΓMµνnM , (2.3)
3We use the metric signature (−,+,+,+,+) and the unit system such that the 5D Planck mass M∗ = 1.
4The Gibbons–Hawking boundary term is needed in order to cancel variation of the Ricci scalar at the
boundaries so that the RS metric (1.1) is indeed a solution of the Einstein equations of motion.
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with nM being the unit normal vector to the surface of the boundary manifold ∂M and gˆµν
is the induced boundary metric. For the 5D manifold with 4D Poincare´ invariance (n5 = 1
and nµ = 0), the intrinsic curvature reduces to
K = −1
2
gˆµν∂5gˆµν . (2.4)
The solution of the Einstein equations resulting from the above action is the RS metric
(1.1), where the AdS curvature k is related to ΛB by
ΛB = −6k2. (2.5)
Since the above setup is compactified on an interval y ∈ [−L,L], rather than on a
circle as in RS1, one needs to be careful and show that the solution (1.1) is compatible
with the boundaries and that the effective 4D cosmological constant is zero, see also [45].
We will see below that we need a fine tuning between the 5D cosmological constant ΛB
and the brane tensions λUV,IR in order to get zero 4D cosmological constant. One can
calculate the effective 4D cosmological constant Λ4 from the action (2.1) by integrating
out the extra-dimension,
Λ4 = −
∫ L
−L
dy
√−g
{
R
2
− ΛB − λUV δ(y)− λIR
[
δ(y + L) + δ(y − L)]}+√−gˆK∣∣∣L
−L
,
(2.6)
where R = −20A′2 − 8A′′ and ΛB = −6A′2 corresponding to the solution (1.1). Using
A(y) = −k|y| we find,
Λ4 = (λUV − 6k) + (λIR + 6k) e−4kL, (2.7)
which can only be zero if
λUV = −λIR = 6k. (2.8)
This result explicitly shows that one needs a positive tension brane at y = 0 and two
negative tension branes at y = ±L in order to obtain zero 4D cosmological constant. This
is the usual fine tuning which appears in brane world scenarios [1, 3, 4]. Hence we have
a 5D geometry with AdS solution (1.1) with negative bulk cosmological constant and a
positive tension brane in the middle and two equal negative tension branes at the end of
the interval, see Fig. 2.
We would like to mention here that we are considering a rigid IR-UV-IR geometry
where the distance L is tuned in order to solve the hierarchy problem. To stabilize the
IR-UV-IR setup one may consider a mechanism like the one proposed by Goldberger and
Wise (GW) [3, 4] introducing a bulk scalar field with appropriate brane potentials such that
the energy minimization would set the size of the 5D interval and yields a compactification
scale that would solve the hierarchy problem. Since one of our aims is to analyze EWSB
due to a 5D SU(2) Higgs doublet in the IR-UV-IR model, therefore it is natural to consider
the bulk SU(2) Higgs doublet as the GW stabilizing field. We explore this option in the
following subsection. A similar analysis for the case of RS1 has been considered in Ref. [21].
However, there the full scalar-gravity coupled equations are not solved, the authors adopt
a small backreaction anstaz. In this work, we are using so-called superpotential method to
solve the full scalar-gravity coupled equations analytically.
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2.2 The IR-UV-IR model: with backreaction
In this subsection we employ an SU(2) Higgs doublet in the bulk of IR-UV-IR model and
obtain the background solutions for the 5D scalar-gravity coupled theory. Although our
solution generating technique is adopted for a specific geometric configuration (IR-UV-IR
model), this approach can be used to solve the Higgs-gravity backreaction in any warped
extra-dimensional model (e.g. RS1) with a bulk Higgs. We use the following most general
4D Poincare´ invariant metric ansatz:
ds2 = e2A(y)ηµνdx
µdxν + dy2, (2.9)
where A(y) is a general y-dependent warp-function and ηµν represents the 4D Minkowski
metric. We consider the following scalar-gravity action for our model,
SSG =
∫
d5x
√−g
{R
2
− |DMH|2 − VB(H)
− VUV (H)δ(y)− VIR(H)
[
δ(y + L) + δ(y − L)
]}
+ SGH , (2.10)
where R is the 5D Ricci scalar and H is the SU(2) Higgs doublet. Whereas, VB(H) and
VUV (IR)(H) are the bulk and UV(IR) brane potentials, respectively. Above, the SGH is
the Gibbons-Hawking boundary action defined in Eq. (2.2).
We can write the y-dependent vacuum expectation value (vev) of the SU(2) Higgs
doublet as:
〈H〉 = 1√
2
(
0
φ(y)
)
. (2.11)
In order to find the background solutions we need to solve the coupled scalar-gravity
Einstein equations. The equations for the background fields A(y) and φ(y) following from
the above action (2.10) and the metric ansatz (2.9) can be written as,
6A′2 =
1
2
φ′2 − VB(φ), (2.12)
3A′′ + 6A′2 = −1
2
φ′2 − VB(φ)− VUV (φ)δ(y)− VIR(φ)
[
δ(y + L) + δ(y − L)
]
, (2.13)
φ′′ + 4A′φ′ =
∂VB(φ)
∂φ
+
∂VUV (φ)
∂φ
δ(y) +
∂VIR(φ)
∂φ
[
δ(y + L) + δ(y − L)
]
. (2.14)
Superpotential method: In the following we will layout the so-called superpotential
method for solving the above set of coupled scalar-gravity equations [4]. Although the use
of this method is motivated by supersymmetry, no supersymmetry is involved in our setup.
The method is elegant and very efficient, in particular it applies to the system of second
order differential equations (2.12)-(2.14) and reduces them to a set of first order ordinary
differential equations which are much easier to deal with. It is assumed that the scalar
potential VB(φ) could be expressed in terms of the superpotential W (φ) as [4, 46],
VB(φ) =
1
8
(
∂W (φ)
∂φ
)2
− 1
6
W (φ)2, (2.15)
– 7 –
where the superpotential W (φ) satisfies,
φ′ =
1
2
∂W (φ)
∂φ
, A′ = −1
6
W (φ), (2.16)
along with the following jump at y = 0 and boundary conditions y = ±L:
1
2
[
W (φ)
]
0
= VUV (φ)
∣∣∣
φ=φ(0)
,
1
2
[∂W (φ)
∂φ
]
0
=
∂VUV (φ)
∂φ
∣∣∣
φ=φ(0)
. (2.17)
W (φ)
∣∣∣
±L
= −VIR(φ)
∣∣∣
φ=φ(±L)
,
∂W (φ)
∂φ
∣∣∣
±L
= −∂VIR(φ)
∂φ
∣∣∣
φ=φ(±L)
. (2.18)
Above, the jump across the UV-brane of j(y) = W (φ) and ∂W (φ)/∂φ, is defined as follows:[
j(y)
]
0
≡ lim
→0
{
j(0 + )− j(0− )}. (2.19)
Let us consider the following form of the superpotential W (φ)
W (φ) =
{
6k + (2 + β)kφ2 for 0 < y < L
−6k − (2 + β)kφ2 for − L < y < 0 , (2.20)
where β ≡
√
4 + µ2B/k
2 parameterises the bulk mass µB of the Higgs field and k is a
constant of order M∗. The above form of W (φ) is Z2 odd under y → −y, which ensures,
by the virtue of Eq. (2.16), that A(y) and φ(y) are Z2 even. We get the scalar potential
VB(φ) from Eq. (2.15) as
VB(φ) = −6k2 + 1
2
µ2Bφ
2 − k
2
2
(2 + β)2φ4. (2.21)
We employ the following forms of the brane-localized potentials,
VUV (φ) = W (φ) +
λUV
4k2
(
φ2 − φ2UV
)2
, (2.22)
VIR(φ) = −W (φ) + λIR
4k2
(
φ2 − φ2IR
)2
, (2.23)
where φUV (IR) is a constant value of the background vev at y = 0(±L) and λUV (IR) is the
quartic coupling at the UV(IR) brane. The background vev φ(y) and the warp-function
A(y) can be obtained by integrating the first order equations (2.16) as
φ(y) = φIRe
(2+β)k(|y|−L), (2.24)
A(y) = −k|y| − 1
12
φ2IRe
−2(2+β)kL
[
e2(2+β)k|y| − 1
]
. (2.25)
Moreover, we impose the following normalization condition for the background vev:∫ L
−L
dye2A(y)φ2(y) = v2SM , (2.26)
where vSM is the SM vev. The φIR resulting from the above normalization reads (see also
Eq. (A.51)):
φIR = vSM
√
k(1 + β)ekL, (2.27)
– 8 –
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Figure 3: The left graph shows the y-dependent background vev φ(y) and the warp factor eA(y)
as function of y, while the right graph illustrates the shapes of superpotential W (φ) and the bulk
scalar potential VB(φ) as a function of background vev φ. The parameter choice adopted for the
graphs is: β = 0, k = 1 and φIR = 1.
As we will see below in order to solve the gauge hierarchy problem, one needs kL ' 37
and for φIR ∼ O(M3/2Pl ), k ≈ O(MPl) and β ≈ O(1), the above expression implies that
then vSM ∼ O(TeV). In Figure 3, we have plotted the y-dependent background vev φ(y)
and the warp factor eA(y) as function of y in the left panel, while the right panel shows the
superpotential W (φ) and the bulk scalar potential VB(φ) as a function of φ.
In order to gain some intuition, it is instructive to count number of parameters and
constraints to see how many fine-tunings are necessary to obtain solutions with Minkowski
D3-branes. There are three integration constants coming from the first order Eqs. (2.15)
and (2.16). One of these three, A(0), is trivial additive constant hence we are left with
two parameters to be fixed. Let us count the number of constraints: there are two con-
straints from the jump at y = 0 from Eq. (2.17) and two constraints from the boundaries
at ±L Eq. (2.18) (note that the boundary conditions are same at ±L). We can integrate
Eq. (2.15) to fix the integration constant by requiring W (φUV ) = VUV (φUV ). This require-
ment together with Eq. (2.15) will trivially satisfy the second jump condition of Eq. (2.17).
We can then integrate the first equation of Eq. (2.16) to get φ(y) and the position of the
IR-brane is fixed w.r.t. the UV-brane by requiring φ(L) = φIR. This fixes all the pa-
rameters of the theory but we are still left with two constraints Eq. (2.18) which are not
independent of each other as fixing W (φIR) = −VIR(φIR) will trivially satisfy second equa-
tion of Eq. (2.18). Hence we are left with precisely one fine-tuning which is required to
ensure flat-brane solutions and is a common pathology of RS-like models, see also Ref. [4].
Let us check that the 4D cosmological constant Λ4 is indeed zero after having this
fine-tuning is achieved. The 4D cosmological constant for this scalar-gravity theory (2.10)
is given by the following integral calculated for the background solutions
Λ4 = −
∫ L
−L
dy
√−g
{
R
2
− 1
2
φ′2 − VB(φ)− VUV (φ)δ(y)− VIR(φ)
[
δ(y + L) + δ(y − L)]}+√−gˆK∣∣∣L
−L
= −
∫ L
−L
dye4A
{
6
(
A′ +
1
6
W
)2
− 1
2
(
φ′ − 1
2
∂W
∂φ
)2
− e−4A d
dy
[
e4A
(
4A′ +
1
2
W
)]
– 9 –
+
1
2
∂W
∂y
− VUV (φ)δ(y)− VIR(φ)
[
δ(y + L) + δ(y − L)]}− 4e4AA′∣∣∣L
−L
= −
∫ L
−L
dye4A
{
6
(
A′ +
1
6
W
)2
− 1
2
(
φ′ − 1
2
∂W
∂φ
)2}
− 1
2
[
W
]
0
+ VUV [φ(0)] +
e4A
2
W
∣∣∣L
−L
+
e4A(L)
2
VIR[φ(L)] +
e4A(L)
2
VIR[φ(−L)]. (2.28)
Above, in the second line we have only used Eq. (2.15) and the value of the intrinsic
curvature of the boundary manifolds K. In the last line we have adopted the fact that the
superpotential W (φ) (2.20) is discontinuous at y = 0, hence the jump at y = 0 follows from
the total derivative term. Now it is straightforward to see in the above equation that the
full squares vanish due to Eq. (2.16), whereas the last line vanishes due to the jump and
boundary conditions (2.17)-(2.18). Hence we conclude that the 4D cosmological constant
on the branes is indeed zero, as anticipated from our metric ansatz (2.9).
The brane separation L can be determined by Eq. (2.24) as:
kL =
1
2 + β
ln
(
φIR
φUV
)
. (2.29)
In order to solve the gauge hierarchy problem, the number of e-foldings is required to be
as follows
A(0)−A(L) ' ln
(
MPl
mEW
)
≈ 37. (2.30)
By using the Eq. (2.25), we get:
A(0)−A(L) = 1
2 + β
ln
(
φIR
φUV
)
+
1
12
(
φ2IR − φ2UV
)
. (2.31)
Note that for β ≥ 0, both terms in the above relation can contribute to give the desired
number of e-foldings. When the first term contributes mostly (weak backreaction), so φIR 
φUV , then kL ' 37. Whereas, when the major contribution to the number of e-foldings
comes from the second term (strong backreaction), i.e. φUV ∼ O(1) and φIR ∼ O(20) then
kL ∼ O(1). In this paper we consider the weak backreaction scenario, i.e. kL ' 37, which
implies that the second term in the warp-function (2.25) is negligible and hence the form
of warp-function is A(y) ' −k|y| which is the same as in the previous subsection with no
backreaction. Note that the weak backreaction scenario is also required in order to insure
the SM vev vSM ' 246 GeV below the KK-scale, see e.g. Ref. [21]. The case of strong
backreaction is also interesting as the fine-tuning required is much less than that of the
weak backreaction scenario but we will not consider it here.
2.3 Warped KK-Parity
In this section we employ the background solution for the Z2 symmetric background (IR-
UV-IR) geometry considered in Sec. 2.1 and show how KK-parity is manifested within
this geometric setup. The IR-UV-IR geometry of Sec. 2.1 is Z2-symmetric and we will
consider this symmetry to be exact for our 5D theory. If the 5D theory has this Z2-parity
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(symmetry) then the Schro¨dinger-like potential for all the fields is symmetric, resulting in
even (symmetric) and odd (antisymmetric) eigenmodes. Thus, a general field Φ(x, y) can
be KK decomposed as follows
Φ(x, y) =
∑
n
φn(x)fn(y), (2.32)
where, due to the Z2 geometry, the wave functions fn(y) are either even or odd, so that
Φ(x, y) ≡ Φ(±)(x, y), (2.33)
with
Φ(+)(x, y) =
∑
n
φ(+)n (x)f
(+)
n (y)
y→−y−−−−→ +Φ(+)(x, y), (2.34)
Φ(−)(x, y) =
∑
n
φ(−)n (x)f
(−)
n (y)
y→−y−−−−→ −Φ(−)(x, y). (2.35)
Due to the geometric Z2 symmetry, a single odd KK-mode cannot couple to two even
KK-modes in the 4D effective theory, therefore the lowest odd KK-mode will be stable and
may serve as a dark matter candidate.
Furthermore, as the geometry is Z2 symmetric in y ∈ [−L,L], the continuity conditions
for odd and even modes at y = 0 strongly impact the physics scenario. Our choice will
be that the odd (even) modes satisfy Dirichlet (Neumann or mixed) boundary (jump)
conditions (b.c.) at y = 0, respectively. As for the odd modes, continuity implies that they
must be zero at y = 0, but we could also have demanded the Neumann conditions that
their y derivative be zero at y = 0. We choose not to impose this additional b.c. in this
work. As regards the even modes, one cannot choose Dirichlet b.c. at y = 0 because of the
presence of the UV-brane and associated “jump” conditions following from the equations
of motion.
3 SM EWSB by bulk Higgs doublet – the truncated-inert-doublet model
In this section we consider all the SM fields in the bulk and study phenomenological
implications of our symmetric geometry. Hereafter, we consider only the weak backreaction
scenario discussed in Sec. 2.2 and we employ the metric (1.1) as a solution of the IR-
UV-IR geometric background. Note also that vev of effective 4D Higgs field is of the
electroweak scale which is much smaller than the gravity (Planck mass) scale (see Eq. (2.27)
and discussion below), therefore their back-reaction on the background geometry would be
negligible, see sub-Sec. 2.2 and Refs. [21, 25]. Moreover, we follow closely the Abelian
case A.1 for EWSB of the 5D SM gauge group and as shown in Appendix A this approach
is equivalent, at the zero-mode level, to the canonical approach (Appendix A.2), i.e. when
the bulk Higgs field is expanded around the background vev.
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The 5D action for the electroweak sector of the SM can be written as 5
S = −
∫
d5x
√−g
{
1
4
F aMNF
aMN +
1
4
BMNB
MN + |DMH|2 + µ2B|H|2
+ VIR(H)δ(y + L) + VUV (H)δ(y) + VIR(H)δ(y − L)
}
, (3.1)
where F aMN and BMN are the 5D field strength tensors for SU(2) and U(1)Y , respectively
with a being the number generators of SU(2). Above, H is the SU(2) doublet and its
brane potentials are
VUV (H) =
m2UV
k
|H|2, VIR(H) = −m
2
IR
k
|H|2 + λIR
k2
|H|4. (3.2)
In our approach, we do not put the Higgs quartic terms in the bulk nor on the UV-brane
since we want EWSB to take place near the IR-brane. The covariant derivative DM is
defined as follows:
DM = ∂M − ig5
2
τaAaM − i
g′5
2
BM , (3.3)
where τa are Pauli matrices and g5(g
′
5) is the coupling constant for the A
a
M (BM ) fields.
There is an important comment in order here concerning the above particular forms
of bulk and brane-localized potentials. We have dropped quartic terms in the UV and the
bulk potentials, even though there is no symmetry that would protect this choice. However
there are phenomenological arguments that support such an option. As one can notice the
UV Higgs quartic operator, i.e. VUV (H) ⊃ λUV /k2|H|4 is highly suppressed as λUV /k2 ∼
O(M−2Pl ). Whereas for the IR Higgs quartic operator, suppression of λIR/k2 is reduced
to ∼ O(m−2KK) due to the non-trivial warp factor at the IR-brane, see also Refs. [22, 26].
Similarly, the bulk quartic term would also be suppressed by some intermediate scale. For
simplicity we ignore those terms. We shell emphasize that the reasoning behind ignoring
the bulk and the UV-brane localized quartic terms is purely phenomenological in its nature.
It is also worth recalling that in this work we are going to investigate the possibility of
providing a dark matter candidate as a lowest mass odd scalar KK mode. It is fair to
expect that those results will not receive any substantial corrections in the presence of
quartic UV and brane terms. Besides that, this kind of phenomenological approximation
of ignoring the bulk and UV-brane quartic terms is widely used in the literature on bulk
Higgs scenarios in RS1-like models, see for example [15–26, 28].
Note also that due to the Z2 geometric symmetry, physics of the full IR-UV-IR setup
can be described completely by a single copy of RS1, i.e. UV-IR setup, however in that
scenario each bulk field would be a subject of Neumann (or mixed) and Dirichlet boundary
conditions at y = 0 for even and odd fields, respectively.
It is instructive to make the usual redefinition of the gauge fields,
W±M (x, y) ≡
1√
2
(
A1M ∓ iA2M
)
, (3.4)
5Note that the Higgs part of the Lagrangian is not exactly same as considered in Sec. 2.2 for the analysis
of the backreaction, here we neglect the quartic terms in the bulk and UV-brane potentials solely for
phenomenological convenience since these terms are suppressed, see the main text below. Moreover, we
introduce some convenient and familiar notations for brane potential parameters.
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ZM (x, y) ≡ 1√
g25 + g
′2
5
(
g5A
3
M − g′5BM
)
,
AM (x, y) ≡ 1√
g25 + g
′2
5
(
g′5A
3
M + g5BM
)
. (3.5)
Analogous to the 4D procedure, we define the 5D Weinberg angle θ as follows:
cos θ ≡ g5√
g25 + g
′2
5
, sin θ ≡ g
′
5√
g25 + g
′2
5
. (3.6)
The 5D gauge fields corresponding to the gauge group SU(2)× U(1)Y are then
AM (x, y) ≡
(
sin θAM +
cos2 θ−sin2 θ
2 cos θ ZM
1√
2
W+M
1√
2
W−M − 12 cos θZM
)
. (3.7)
The gauge transformations for the Higgs doublet H(x, y) and gauge matrix AM under the
gauge group SU(2)× U(1)Y can be written as
H(x, y)→ H ′(x, y) = U(x, y)H(x, y), (3.8)
AM (x, y)→ A′M (x, y) = U(x, y)AM (x, y)U−1(x, y)−
i
g5
(∂MU(x, y))U
−1(x, y), (3.9)
where U(x, y) is the unitary matrix corresponding to the fundamental representation of
SU(2)× U(1)Y gauge transformations.
We will choose the 5D axial gauge analogous to the Abelian case A.1 by taking
A5(x, y) = 0. Note that we can always find U(x, y) such that the axial gauge is mani-
fest, i.e. A5(x, y) = 0. We employ an axial gauge choice for the non-Abelian case of the
form
U(x, y) = Û(x)Pe−ig5
∫ y
0 dy
′A5(x,y′), (3.10)
where Û(x) is the residual 4D gauge transformation and P denotes path-ordering of the
exponential. Another key point for the later discussion is that this 4D residual gauge
transformation Û(x) is independent of y and thus even under the geometric parity.
As we have demonstrated in Appendix A, due to the symmetric geometry the back-
ground fields in the IR-UV-IR setup separate into even and odd bulk wave functions.
Hence, it is straightforward to generalize the results obtained in Appendix A.1 for the
Abelian model to the electroweak sector of the SM. Let us start by decomposing the Higgs
doublet and gauge fields into components of definite parity as follows:
H(x, y) = H(+)(x, y) +H(−)(x, y), VM (x, y) = V
(+)
M (x, y) + V
(−)
M (x, y), (3.11)
where VM ≡ (AM ,W±M , ZM ). We can write the action (3.1) up to quadratic level in the
A5(x, y) = 0 gauge as
S(2) =−
∫
d5x
√−g
{
1
2
W+(+)µνW−µν(+) + ∂5W+(+)µ∂5W−µ(+) +
1
4
Z(+)µν Zµν(+) +
1
2
∂5Z
(+)
µ ∂
5Zµ(+)
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+
1
2
W+(−)µνW−µν(−) + ∂5W+(−)µ∂5W−µ(−) +
1
4
Z(−)µν Zµν(−) +
1
2
∂5Z
(−)
µ ∂
5Zµ(−)
+
1
4
F (+)µν Fµν(+) +
1
2
∂5A
(+)
µ ∂5A
µ
(+) +
1
4
F (−)µν Fµν(−) +
1
2
∂5A
(−)
µ ∂
5Aµ(−)
+ DMH(+)†DMH(+) + µ2B|H(+)|2 + DMH(−)†DMH(−) + µ2B|H(−)|2
+
m2UV
k
|H(+)|2δ(y)− m
2
IR
k
(|H(+)|2 + |H(−)|2)[δ(y + L) + δ(y − L)]}, (3.12)
where we have adopted the following definitions:
V˜(±)µν ≡ ∂µV˜ (±)ν − ∂ν V˜ (±)µ , F (±)µν ≡ ∂µA(±)ν − ∂νA(±)µ , (3.13)
Dµ
(
H(+)
H(−)
)
≡
[
∂µ − ig5
(
A(+)µ A(−)µ
A(−)µ A(+)µ
)](
H(+)
H(−)
)
, (3.14)
D5
(
H(+)
H(−)
)
≡
[
∂5 − ig5
(
A(−)5 A
(+)
5
A(+)5 A
(−)
5
)](
H(+)
H(−)
)
, (3.15)
where V˜µ ≡ (W±µ , Zµ) and A(±)M was defined in (3.7).
It is convenient to write the Higgs doublets in the following form:(
H(+)
H(−)
)
= eig5(Π
(+)1+Π(−)τ1)
(
H(+)
H(−)
)
, (3.16)
where H and Π are defined as (the parity indices are suppressed)
H(x, y) ≡ 1√
2
(
0
h(x, y)
)
, (3.17)
Π(x, y) ≡
(
cos2 θ−sin2 θ
2 cos θ piZ
1√
2
pi+W
1√
2
pi−W − 12 cos θpiZ
)
. (3.18)
We KK-decompose the Higgs doublets H(±)(x, y) and the gauge fields V (±)µ (x, y) as
H(±)(x, y) =
∑
n
H(±)n (x)f (±)n (y), (3.19)
pi
(±)
V˜
(x, y) =
∑
n
pi
(±)
V˜ n
(x)a
(±)
V˜ n
(y), (3.20)
V (±)µ (x, y) =
∑
n
V (±)µn (x)a
(±)
Vn
(y), (3.21)
where the wave-functions f
(±)
n (y) and a
(±)
Vn
(y) satisfy
−∂5(e4A(y)∂5f (±)n (y)) + µ2Be4A(y)f (±)n (y) = m2(±)n e2A(y)f (±)n (y), (3.22)
−∂5(e2A(y)∂5a(±)Vn (y)) = m2V (±)n a
(±)
Vn
(y), (3.23)
and, with our background geometry A(y) = −k|y|. The y-dependent wave functions f (±)n (y)
and a
(±)
Vn
(y) satisfy the following orthonormality conditions:∫ +L
−L
dye2A(y)f (±)m (y)f
(±)
n (y) = δmn,
∫ +L
−L
dya
(±)
Vm
(y)a
(±)
Vn
(y) = δmn. (3.24)
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The even modes are subject to jump conditions at y = 0 while the odd modes are con-
strained by continuity at y = 0, resulting in the following boundary conditions:(
∂5 − m
2
UV
k
)
f (+)n (y)
∣∣∣
0
= 0, f (−)n (y)
∣∣∣
0
= 0, (3.25)
∂5a
(+)
Vn
(y)
∣∣∣
0+
= 0, a
(−)
Vn
(y)
∣∣∣
0
= 0. (3.26)
The b.c. at y = ±L are:(
±∂5 − m
2
IR
k
)
f (±)n (y)
∣∣∣
±L
= 0, ∂5a
(±)
Vn
(y)
∣∣∣
±L
= 0. (3.27)
As pointed out in the Abelian case A.1, the choices of b.c. for a
(+)
n (y) at y = 0,±L
are motivated by the requirement that the even zero-mode profiles for gauge bosons be
non-zero.
It is worth mentioning here that the choice of writing the Higgs doublets H(±) in the
form of Eq. (3.16) and using the KK decomposition for the pseudoscalars pi
(±)
V˜
as given
in Eq. (3.20) are both motivated by model-building considerations discussed below. The
other possibility is to choose different KK bases and b.c. for the pseudoscalars pi
(±)
V˜
such
that after SSB these pseudoscalars become Nambu-Goldstone bosons (NGB). The even
zero-mode gauge bosons would then acquire masses by eating up the even-parity NGB,
whereas the odd-parity NGB would remain in the spectrum (the odd zero-mode gauge
boson fields being zero, see below). An effective potential for the odd-parity NGB would
be generated through their interactions with gauge bosons, hence making them pseudo-
NGB. We don’t follow this approach here but it is an interesting possibility in which the
neutral odd pseudo-NGB would be a composite dark Higgs in the dual CFT description.6
We assume that the KK-scale is high enough, i.e. mKK ∼ O(few) TeV, that we can
consider an effective theory where only the lowest modes (zero-modes with masses much
below mKK) are kept. It is important to note that the odd zero-mode wave functions
obey a
(−)
V0
(y) = 0, as can be easily seen from Eq. (3.23) along with the b.c. (3.26) and
(3.27). As a consequence of a
(−)
V0
(y) = 0, the odd zero-mode gauge fields V
(−)
0µ (x) and the
odd Goldstone modes pi
(−)
V˜0
(x) will not be present in the effective 4D theory. Moreover, the
even zero-mode gauge profile is constant, i.e. a
(+)
V0
(y) = 1/
√
2L. Using the results from
Appendix A, we can determine the values of the couplings and mass parameters in the
effective 4D theory in terms of the parameters of the fundamental 5D theory. The result
is that we can write down the effective 4D action for the zero-modes as
S
(2)
eff =−
∫
d4x
{
1
4
F0(+)µν Fµν0(+) +
1
4
Z0(+)µν Zµν0(+) +
1
2
W+0(+)µν W−µν0(+) + ∂µH
(+)†
0 ∂
µH(+)0
+ ∂µH(−)†0 ∂µH(−)0 +m2(+)0 |H(+)0 |2 +m2(−)0 |H(−)0 |2 − ig4∂µH(+)†0 MµH(+)0
+ ig4H(+)†0 M†µ∂µH(+)0 + g24H(+)†0 M†µMµH(+)0 + g24H(−)†0 M†µMµH(−)0
}
, (3.28)
6At the final stages of the present work, Ref. [47] appeared where the authors considered composite dark
sectors. A similar construction can be naturally realized as a CFT dual to the model considered here.
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where Mµ is defined as
Mµ ≡ U†Aˆ(+)0µ U+
i
g4
U†∂µU, (3.29)
with U ≡ eig4Π̂(+)0 and g4 ≡ g5/
√
2L. In the above action H(±)0 are real doublets defined in
Eq. (3.17), implying that H(±)†0 = H(±)ᵀ0 , whereas Aˆ(+)0µ and Π̂(+)0 are defined as (below we
suppress the parity indices and zero-mode index):
Aˆµ(x) ≡
(
sin θAµ +
cos2 θ−sin2 θ
2 cos θ Zµ
1√
2
W+µ
1√
2
W−µ − 12 cos θZµ
)
, (3.30)
Π̂(x) ≡
(
cos2 θ−sin2 θ
2 cos θ piZ
1√
2
pi+W
1√
2
pi−W − 12 cos θpiZ
)
. (3.31)
It is important to comment here that the above action is manifestly gauge invariant under
the following SU(2)× U(1)Y gauge transformation,
Aˆ(+)µ → Û Aˆ(+)µ Û † −
i
g4
(∂µÛ)Û
†, U→ Ûeig4Π̂(+) , (3.32)
whereas theH(±)0 are gauge invariant under the 4D residual gauge transformation Û . Equa-
tion (3.28) is a non-Abelian analog of the Abelian zero-mode action given by (A.25).
We introduce a convenient notion for our effective theory by redefining V
(+)
0µ (x) ≡
Vµ(x), pi
(+)
V˜ 0
(x) ≡ piV˜ (x), Π̂(+)0 (x) ≡ Π̂(x) and
H1(x) ≡ eig4Π̂(x)H(+)0 (x), H2(x) ≡ eig4Π̂(x)H(−)0 (x). (3.33)
Now the above effective action (3.28), including the scalar interaction terms, can be written
in a nice gauge covariant form as7
Seff = −
∫
d4x
{
1
4
FµνFµν + 1
4
ZµνZµν + 1
2
W+µνW−µν
+
(DµH1)†DµH1 + (DµH2)†DµH2 + V (H1, H2)}, (3.34)
where the scalar potential can be written as
V (H1, H2) =− µ2|H1|2 − µ2|H2|2 + λ|H1|4 + λ|H2|4 + 6λ|H1|2|H2|2. (3.35)
The covariant derivative Dµ is defined as
Dµ = ∂µ − ig4Aˆµ, (3.36)
where Aˆµ is defined in Eq. (3.30). In the above scalar potential the mass parameter µ and
quartic coupling λ are defined as (see Appendix A),
µ2 ≡ −m2(±)0 = (1 + β)m2KKδIR, λ ≡ λIR(1 + β)2, (3.37)
7Note that the action of Eq. (3.34) is a non-Abelian version of the Abelian zero-mode action (A.29).
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where δIR, mKK and β are defined in Eq. (A.26).
Concerning the symmetries of the above potential, one can notice that V (H1, H2) is
invariant under [SU(2) × U(1)Y ]′ × [SU(2) × U(1)Y ], where one of the blocks has been
gauged while the other one survived as a global symmetry. The zero-modes of the four
odd vector bosons (W
(−)±
0µ , Z
(−)
0µ and A
(−)
0µ ) and the three would-be-Goldstone bosons Π
(−)
0
have been removed by appropriate b.c., implying that the corresponding gauge symmetry
has been broken explicitly. What remains is the truncated inert doublet model, that con-
tains H1,2, and the corresponding residual SU(2)× U(1)Y global symmetry of the action.
Symmetry under the above mentioned U(1)′ × U(1) implies in particular that V (H1, H2)
is also invariant under various Z2’s, for example H1 → −H1, H2 → −H2 and H1 → ±H2.
As explained in the Abelian case A.1, we choose the vacuum such that the even parity
Higgs field H1 acquires a vev, whereas the odd parity Higgs field H2 does not, i.e.
v21 ≡ v2 =
µ2
λ
, v2 = 0. (3.38)
Let us now consider fluctuations around the vacuum of our choice
H1(x) =
1√
2
eig4Π̂
(
0
v + h
)
, H2(x) =
1√
2
eig4Π̂
(
0
χ
)
, (3.39)
where Π̂ (defined in Eq. (3.31)) contains the pseudoscalar Goldstone bosons piW±,Z . We
choose the unitary gauge in which piW±,Z are gauged away, that is they are eaten up by
the massive gauge bosons W±µ and Zµ. Hence in the unitary gauge our effective action up
to the quadratic order in fluctuations is
S
(2)
eff = −
∫
d4x
{
1
2
W+µνW−µν +
1
4
ZµνZµν + 1
4
FµνFµν +m2WW+µ W−µ +
1
2
m2ZZµZ
µ
+
1
2
∂µh∂
µh+
1
2
m2hh
2 +
1
2
∂µχ∂
µχ+
1
2
m2χχ
2
}
, (3.40)
where the masses are,
m2h = m
2
χ = 2µ
2, m2W =
1
4
g24
µ2
λ
, m2Z =
1
4
(
g24 + g
′2
4
)µ2
λ
=
m2W
cos2 θW
. (3.41)
It is worth noticing here that the Higgs massmh and the dark scalar massmχ are degenerate
at the tree level. However, as we demonstrate below, this degeneracy is lifted by the
quantum corrections predicted by the effective theory below the KK-mass scale. The
interaction terms for effective theory can be written as
Sint = −
∫
d4x
{
λvh3 +
λ
4
h4 +
λ
4
χ4 + 3λvhχ2 +
3
2
λh2χ2 +
g24
2
vW+µ W
−µh
+
g24
4
W+µ W
−µ(h2 + χ2) +
1
4
(g24 + g
′2
4 )vhZµZ
µ +
1
8
(g24 + g
′2
4 )ZµZ
µ(h2 + χ2)
}
, (3.42)
where we have omitted terms involving gauge interactions alone as they are irrelevant to
our discussion below.
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3.1 Quantum corrections to scalar masses
In this subsection we will study the quantum corrections to the tree-level scalar masses of
the Higgs boson h and the dark matter candidate χ.
Before proceeding further, we want to point out here that in this work we have not
studied fermions in our geometric setup since our focus is on the bosonic sector of the SM
and EWSB. For the sake of self-consistency, we mention here three possibilities for fermion
localization and their implications in our geometric setup:
1. In this first scenario, one takes the heavy (top) quarks to be localized towards the
IR-brane, while the light quarks and leptons are localized towards the UV-brane.
Through this geometric localization one can address the fermion mass hierarchy prob-
lem. In this scenario the even and odd zero-modes corresponding to the heavy quarks
will be almost degenerate in our symmetric geometry, whereas the odd zero-modes
corresponding to the light quarks could be much heavier than their corresponding
even zero-modes [42, 43].
2. In the second scenario, all the fermions have flat zero-mode profiles. This can be
achieved by the choice of appropriate bulk mass parameters for the fermions. As a
consequence of flat profiles the odd fermion zero-modes have to disappear and the
even zero-modes will correspond to the SM fermions (in this case the fermion mass
hierarchy problem is reintroduced).
3. In the third scenario all the fermions are localized towards UV-brane. In this case the
masses of all odd zero-modes of the fermions could be heavier than their corresponding
even zero-modes.
In this study we implicitly limit ourselves to the last two cases in order that the dark Higgs
be the lightest odd particle and all the other odd zero-modes are either not present in
our low-energy effective theory or they are much heavier that the dark Higgs, which will
therefore be the only relevant dark matter candidate. For either of the choices 2. or 3.
above, the top Yukawa coupling yt in the low-energy effective theory will be the same as in
the SM and the top-quark loop correction to the SM Higgs boson mass will be exactly as in
the SM up to the KK cutoff. In case 2., the n 6= 0 fermion KK-modes are all much heavier
than the KK cutoff, mKK , and will not significantly influence the radiative corrections to
the SM Higgs mass. We leave the study of the complete fermionic sector associated with
our geometric setup for future studies.
The quantum corrections to the Higgs boson (h) mass and the dark-Higgs (χ) mass
within our effective theory below the KK-scale are quite essential for breaking the mass
degeneracy of Eq. (3.41). For instance, at the 1-loop level of the perturbative expansion,
the main contributions (quadratically divergent) to the masses of the SM Higgs and the
dark-Higgs come from the exchanges of the top quark (t), massive gauge bosons (W, Z),
Higgs boson (h) and the dark-Higgs (χ) in the loop 8, see Fig. 4. It is instructive to write
8Another scalar which could be potentially present in our effective theory is the radion, which is responsible
for the stabilization of the setup. The stabilization mechanism is beyond the scope of the present work, as
here we assume a rigid geometrical background with no fluctuations of the 5D metric. However, we want
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Figure 4: One-loop diagrams in the unitary gauge contributing to the Higgs boson mass and the
DM scalar mass.
the general 1-loop effective scalar potential Veff (H1, H2) for our effective theory, described
in the previous section, as 9
Veff (H1, H2) = V0(H1, H2) + V1(H1, H2), (3.43)
where V0(H1, H2) is the tree level scalar potential given by Eq. (3.35) and V1(H1, H2) is
the 1-loop effective potential, given by (see for example Refs. [48–50])
V1(H1, H2) =
Λ2
32pi2
[
3
(
g24 +
1
2
(g24 + g
′2
4 ) + 8λ
)
(|H1|2 + |H2|2)− 12y2t |H1|2
]
+ · · · , (3.44)
where yt is the top Yukawa coupling, related to top mass through m
2
t = y
2
t v
2/2. We use
the momentum cut-off regularization. Also it is important to comment here that H2 is
odd under the geometric Z2 parity, implying that it does not couple to the even zero-mode
fermions. Moreover, we consider only the quadratically divergent part of the effective
scalar potential and the ellipses in the above equation represent the terms which are not
quadratically divergent.
The minimization of the effective potential Veff (H1, H2), i.e.
∂Veff
∂Hi
∣∣∣
Hi=〈Hi〉
= 0, where 〈Hi〉 = 1√
2
(
0
vi
)
i = 1, 2 (3.45)
gives the following set of conditions for the global minimum,
λv21 = µ
2 − δµ2 − 3λv22, or v1 = 0, (3.46)
and
λv22 = µ
2 − δµ2 + 3
8
Λ2
pi2
y2t − 3λv21, or v2 = 0, (3.47)
where δµ2 is given by
δµ2 =
3Λ2
32pi2
[
g24 +
1
2
(g24 + g
′2
4 ) + 8λ− 4y2t
]
. (3.48)
to comment here that if the radion were present in our effective theory, because of it bosonic nature it
would likely reduce the fine-tuning much in the manner that the χ does.
9Note that in this section we are considering the Higgs doublets H1,2 in the unitary gauge, such that
H1(x) =
1√
2
(
0
v1 + h
)
and H2(x) =
1√
2
(
0
v2 + χ
)
, where at tree level our choice was v1 = v and v2 = 0.
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Of the four possible global minima of Eqs. (3.46) and (3.47), we will choose the vacuum
such that H1 acquires the vev, whereas H2 does not:
v1 = v, v2 = 0,
where v ' 246 GeV is the vacuum expectation value of the SM Higgs doublet. With this
choice of vacuum, the 1-loop corrected masses for the fluctuations around the vacuum are
m2h =
∂2Veff (H1, H2)
∂H21
∣∣∣
H1=v,H2=0
=
(
− µ2 + δµ2
)
+ 3λv2 = 2λv2, (3.49)
m2χ =
∂2Veff (H1, H2)
∂H22
∣∣∣
H1=v,H2=0
=
(
− µ2 + δµ2
)
+ 3λv2 +
3
8
Λ2
pi2
y2t ,
= 2λv2 +
3
4
Λ2
pi2v2
m2t . (3.50)
To get mh = 125 GeV, equivalent to v ' 246 GeV, we need to fine-tune the parameters of
the theory. To quantify the level of fine-tuning, we employ the Barbieri–Giudice fine-tuning
measure ∆mh [49–51]:
∆mh ≡
∣∣∣∣δµ2µ2
∣∣∣∣ = ∣∣∣∣δm2hm2h
∣∣∣∣ . (3.51)
We plot the fine-tuning measure ∆mh as a function of the effective cutoff scale Λ in Fig.
5. If one allows fine-tuning of about 10%, i.e. ∆mh = 10, then the effective cutoff scale
is Λ ' 2 TeV. The most stringent bounds on the KK-scale mKK in RS1 geometry with
a bulk Higgs come from electroweak precision tests (EWPT) by fitting the S, T and U
parameters [26]. The lower bound on the KK mass scale in our model (AdS geometry, i.e.
A(y) = −k|y|) is mKK & 2.5 TeV for β = 0 and mKK & 4.3 TeV for β = 10 at 95% C.L.
[26]. This implies a tension between fine-tuning (naturalness) and the lower bound on the
KK mass scale mKK . The region within the gray lines in Fig. 5 shows the current bounds
on the KK mass scale for our geometry and the associated fine-tuning. It is important to
comment here that a slight modification to the AdS geometry (for example, models with
soft wall or thick branes) leads to a considerable relaxation of the above mentioned lower
bound on KK mass scale [18–20]. For instance, a mild modification to the AdS metric in
the vicinity of the IR-brane can relax the KK mass scale to mKK & 1 TeV [18–20, 29, 52].
Needless to say, the generalization of our model to modified AdS geometries with soft walls
or thick branes is possible.
The 1-loop quantum corrected dark matter squared mass m2χ is:
m2χ = m
2
h +
3
4
Λ2
pi2v2
m2t . (3.52)
Hence, mχ is raised linearly with the cut-off scale Λ. This is illustrated in Fig. 5. An
interesting aspect of our model is that dark matter is predicted to be heavier than the
SM Higgs boson. A natural value of the cutoff coincides with the mass of the first KK
excitations, which are experimentally limited [53] to lie above a few TeV (depending on
model details and KK mode sought). Requiring that the fine-tuning measure ∆mh be less
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Figure 5: The left plot gives the value of the fine-tuning measure ∆mh for a Higgs mass of 125 GeV
as a function of the cutoff Λ. The right plot shows the dependence of mχ on Λ for mh = 125 GeV.
In our model Λ = mKK . The vertical gray line indicates the current lower bound on the KK mass
scale coming from EWPT as computed in our model for β = 0, mKK & 2.5 TeV.
than 100 implies that mKK should be below about 6 TeV. Meanwhile, the strongest version
of the EWPT bound requires mKK >∼ 2.5 TeV, corresponding to mχ ∼ 500 GeV, for which
∆mh is a very modest ∼ 18. In short, our model is most consistent for 500 GeV <∼ mχ <∼
1200 GeV.
3.2 Dark matter relic abundance
In this subsection we calculate the dark matter relic abundance. The diagrams contributing
to dark matter annihilation are shown in Fig. 6. The squared amplitudes |M|2 correspond-
ing to the contribution of each final state to dark matter annihilation are:
∣∣∣M(χχ→ V˜ V˜ )∣∣∣2 = 4m4V˜
SV˜ v
4
(
1 +
3m2h
s−m2h
)2 2 +(1− s
2m2
V˜
)2 , (3.53)
∣∣M(χχ→ ff¯)∣∣2 = 18Ncm2fm4h
v4
s− 4m2f
(s−m2h)2
, (3.54)
|M(χχ→ hh)|2 = 9m
4
h
2v4
[
1 + 3m2h
(
1
s−m2h
+
1
t−m2χ
+
1
u−m2χ
)]2
, (3.55)
where V˜ = W,Z and SW = 1 and SZ = 2 are the symmetry factors accounting for the
identical particles in the final state; Nc refers to the number of “color” degrees of freedom
for the given fermion and s, t, u are the Mandelstam variables. Here, we ignore the loop-
induced γγ and Zγ final states, which are strongly suppressed. Note that the first term in
the parenthesis in Eq. (3.53) and the first term in the square bracket in Eq. (3.55) arise
from the χχV˜ V˜ and the χχhh contact interactions, respectively. The former channel is
present in our model since χ is a component of the (truncated) odd SU(2) doublet.
In the left panel of Fig. 7 we plot the annihilation cross-section for the contributing
channels as a function of mχ. (Note that the parameter Λ would only enter if we performed
this calculation at the one-loop level.) As seen from the plot, the total cross section is dom-
inated by WW and ZZ final states. The main contributions for these final states are those
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Figure 6: Dark matter annihilation diagrams.
200 400 600 800 100010
-12
10-10
10-8
10-6
σ
0
[G
eV
−2
]
mχ[GeV]
σtotal
σWW
σZZ
σhh
σtt
σbb
σττ
200 400 600 800 1000
1
2
3
4
5
mχ[GeV]
Ω
χ
h
2
×
10
4
Figure 7: The above graphs show the annihilation cross-section σ0 for different final states (left)
and the χ abundance Ωχh
2 × 104 (right) as a function of dark matter mass mχ.
generated by the contact interactions χχV˜ V˜ . In fact, in our model, the V˜ V˜ final states
are additionally enhanced by a constructive interference of the contact χχV˜ V˜ interaction
with the s-channel Higgs-exchange diagram. In addition, for low mχ, there is a compa-
rable contribution from χχ annihilation into hh. (The dip at mχ ∼ 210 GeV is caused
by cancellation between the contact interaction and s, t, u-channel diagrams.) Fermionic
final states are always irrelevant; even χχ → tt¯ production is very small in comparison to
χχ → V˜ V˜ . Then, adopting the standard s-wave cold dark matter approximation [54], we
find the present χ abundance Ωχh
2 shown in the right panel of Fig. 7. We observe that
Ωχh
2 <∼ 10−4 once the EWPT bound of mχ >∼ 500 GeV is imposed. Clearly, some other
dark matter component is needed within this model to satisfy the Planck measurement,
Ωχh
2 ∼ 0.1 [32].
4 Summary
In this paper, we constructed a model with Z2 geometric symmetry such that two identical
AdS patches are glued together at y = 0, where y is the coordinate of the fifth dimension.
We considered three D3-branes, one at y = 0 referred to as the UV-brane where gravity is
assumed to be localized and two branes at y = ±L referred to as IR-branes – the IR-UV-IR
model. For this Z2 symmetric geometric setup we found that the RS metric (1.1) is the
background solution of pure gravity when the matter backreaction is neglected. To inves-
tigate possible backreaction of matter fields (bulk SU(2) Higgs doublet) on the geometry,
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we solved the 5D coupled scalar-gravity equations of motion adopting the superpotential
method. We found analytic solutions where the Higgs background vev is highly localized
towards the IR brane. It was also verified that the backreaction is negligible for kL ' 37
which is required in order to address the gauge hierarchy problem. The technique employed
to find solutions is very general and can be used to any bulk Higgs RS1-like constructions
to stabilize geometry taking into account backreaction.
The motivation of this work is twofold: (i) to analyze the situation where EWSB is
due to the bulk Higgs in this Z2 symmetric geometry; and (ii) to discuss the lowest odd
KK-mode as a dark matter candidate. Concerning EWSB, we discussed in detail many
important aspects of SSB due to a bulk Higgs. In the Appendix A we considered the
Abelian gauge group where we discussed two alternative approaches to SSB due to a bulk
Higgs field acquiring a vacuum expectation value. In one approach, the symmetry breaking
is triggered by a vev of the KK zero-mode of the bulk Higgs field. The second approach
is based on the expansion of the bulk Higgs field around an extra-dimensional vev with
non-trivial y profile. The comparison between the two Abelian scenarios is summarized in
Tables 1 and 2. The (zero-mode) effective theories obtained from the two approaches are
identical and the most intriguing feature of the Abelian Higgs mechanism is that the even
and odd Higgs zero-modes have degenerate mass at the tree-level — a feature that is also
present in the SM case.
To achieve SSB, the choice of boundary conditions for the fields at ±L is critical. In
both approaches to the Abelian case, we allowed the y-derivative of a field to have an
arbitrary value at ±L as opposed to requiring that the field value itself be zero, i.e. we
employed Neumann or mixed b.c. rather than Dirichlet b.c. at ±L. The latter choice
would have led to an explicit symmetry breaking scenario in which there are no Goldstone
modes and the gauge bosons do not acquire mass. (Note that the boundary or “jump”
conditions at y = 0 follow from the bulk equations of motion in the case of even modes,
whereas odd modes are required to be zero by symmetry.)
Following this introductory material in Appendix A, we considered EWSB assuming
that the SM gauge group is present in the bulk of our Z2 symmetric 5D warped model. The
zero-mode effective theory appropriate at scales below the KK scale, mKK , was obtained.
For appropriate Higgs field potentials in the bulk and localized at the UV and IR-branes,
SM-like EWSB is obtained when only the IR-branes have a quartic potential term. In
contrast, quadratic mass-squared terms are allowed both on the branes and in the bulk.
Of course, to achieve spontaneous EWSB, we employed the same boundary conditions as
delineated above for the Abelian model. The resulting model has the following features.
• Due to warped KK-parity all fields develop even and odd towers of KK-modes in the
4D effective theory.
• Assuming that the KK-scale is high enough (mKK ∼ O(few) TeV), we derive the low
energy effective theory which includes only zero-modes of the theory.
• In the effective theory, the symmetry of the model is [SU(2) × U(1)Y ]′ × [SU(2) ×
U(1)Y ], where the unprimed symmetry group is gauged while the other stays as a
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global symmetry. The zero-mode odd gauge fields and the corresponding Goldstone
modes from the odd Higgs doublet are eliminated due to the b.c..
• In the low energy effective theory, we are left with all the SM fields plus a dark-Higgs
– the odd zero-mode Higgs. This dark-Higgs and the SM Higgs (the even zero-mode)
are degenerate at tree level.
• In order to get the SM Higgs mass of 125 GeV, we need to fine-tune the 5D funda-
mental parameters of theory to about 1%−5%, where the upper bound is determined
by the lower bound on the KK scale coming from EWPT requirements.
• We computed the one-loop quantum corrections to the tree-level masses of the SM
Higgs and the dark Higgs assuming that the cutoff scale of our effective theory is the
KK-scale, mKK . One finds that the dark-Higgs mass is necessarily larger than the
SM Higgs mass, the difference being quadratically dependent on mKK .
• Requiring that the fine-tuning measure ∆mh be less than 100 implies that mKK
should be below about 6 TeV. Meanwhile, the strongest version of the EWPT bound
requires mKK >∼ 2.5 TeV, corresponding to mχ ∼ 500 GeV, for which ∆mh is a very
modest ∼ 18. In short, our model is most consistent for 500 GeV <∼ mχ <∼ 1200 GeV.
• We calculate the relic abundance of the dark-Higgs in the cold dark matter approx-
imation. For mχ in the above preferred range, Ωχh
2 <∼ 10−4 as compared to the
current experimental value of ∼ 0.1. To obtain a more consistent dark matter den-
sity, one needs to either assume another DM particle or perform a more rigorous
analysis of our model by considering the even and odd higher KK-modes in the ef-
fective theory.
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A SSB in the IR-UV-IR model: the Abelian Higgs mechanism
In this Appendix we will discuss the mechanism of spontaneous symmetry breaking (SSB)
for an Abelian case with the Higgs field (a complex scalar) in the IR-UV-IR geometry of
Sec. 2.1. The metric is given by Eq. (1.1), we will neglect the back reaction of the bulk
– 24 –
fields on the geometry. We start by specifying the 5D Abelian action,
SAb = −
∫
d5x
√−g
{
1
4
FMNF
MN + (DMΦ)
∗DMΦ + µ2BΦ
∗Φ
+ VIR(Φ)δ(y + L) + VUV (Φ)δ(y) + VIR(Φ)δ(y − L)
}
, (A.1)
where DM ≡ ∂M − ig5AM with the 5D U(1) coupling constant g5 and FMN ≡ ∂MAN −
∂NAM . We require that the bulk potential and the UV-brane potential have only quadratic
terms whereas the IR-brane potential is allowed to have a quartic term:
VUV (Φ) =
m2UV
k
Φ∗Φ, VIR(Φ) = −m
2
IR
k
Φ∗Φ +
λIR
k2
(Φ∗Φ)2 . (A.2)
In this way EWSB is mainly triggered by the IR-brane. Above, Φ is a complex scalar field
and the parametrization is such that mUV and mIR have mass dimensions while λIR is
dimensionless. The gauge transformations can be written as
Φ(x, y)→ Φ′(x, y) = eiΛ(x,y)Φ(x, y), (A.3)
AM (x, y)→ A′M (x, y) = AM (x, y) +
1
g5
∂MΛ(x, y), (A.4)
where Λ(x, y) is the gauge parameter.
As discussed in Sec. 2.3, the fields in the IR-UV-IR setup have even and odd bulk
wave functions implied by the geometric KK-parity. Hence, it is convenient to decompose
the generic Higgs and the gauge field into fields of definite parity as follows
Φ(x, y) = Φ(+)(x, y) + Φ(−)(x, y), AM (x, y) = A
(+)
M (x, y) +A
(−)
M (x, y), (A.5)
where ± denotes the even and odd states. The gauge transformations for the even and odd
parity modes are,
A(±)µ (x, y)→ A
′(±)
µ (x, y) =A
(±)
µ (x, y) +
1
g5
∂µΛ
(±)(x, y), (A.6)
A
(±)
5 (x, y)→ A
′(±)
5 (x, y) =A
(±)
5 (x, y) +
1
g5
∂5Λ
(∓)(x, y). (A.7)(
Φ(+)(x, y)
Φ(−)(x, y)
)
→
(
Φ
′(+)(x, y)
Φ
′(−)(x, y)
)
=eiΛ
(+)(x,y)1eiΛ
(−)(x,y)τ1
(
Φ(+)(x, y)
Φ(−)(x, y)
)
, (A.8)
where 1 is a 2× 2 unit matrix, whereas τ1 is the first Pauli matrix.
With this decomposition the above action can be written as
SAb = −
∫
d5x
√−g
{
1
4
F (+)µν F
µν
(+) +
1
2
F
(+)
µ5 F
µ5
(+) +DMΦ
(+)∗DMΦ(+) + µ2BΦ
(+)∗Φ(+)
+
1
4
F (−)µν F
µν
(−) +
1
2
F
(−)
µ5 F
µ5
(−) +DMΦ
(−)∗DMΦ(−) + µ2BΦ
(−)∗Φ(−)
+ VIR(Φ
(±))δ(y + L) + VUV (Φ(+))δ(y) + VIR(Φ(±))δ(y − L)
}
, (A.9)
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where,
F (±)µν ≡ ∂µA(±)ν − ∂µA(±)ν , F (±)µ5 ≡ ∂µA(±)5 − ∂5A(∓)µ . (A.10)
The brane localized potentials for the Higgs field, VUV (Φ) and VIR(Φ), can be written in
terms of even and odd parity modes as
VUV (Φ
(+)) =
m2UV
k
|Φ(+)|2, (A.11)
VIR(Φ
(±)) =− m
2
IR
k
|Φ(+)|2 − m
2
IR
k
|Φ(−)|2 + λIR
k2
|Φ(+)|4 + λIR
k2
|Φ(−)|4
+
4λIR
k2
|Φ(+)|2|Φ(−)|2 + λIR
k2
(
(Φ(+)∗Φ(−))2 + h.c.
)
. (A.12)
Above, we have not written Φ(−) terms in VUV since Φ(−)(0) = 0. Moreover, we have not
written terms in the above action, including the potentials, which are explicitly odd as
they will not contribute after integration over the y-coordinate. One can easily check that
the above brane potentials are invariant under the gauge transformations defined above.
Also note that F
(±)
µν and F
(±)
µ5 are gauge invariant under the gauge transformations (A.6)
and (A.7). In the even/odd basis, the covariant derivatives Dµ and D5 following from
DM ≡ ∂M − ig5AM , take the form
Dµ
(
Φ(+)
Φ(−)
)
≡
[
∂µ − ig5
(
A
(+)
µ A
(−)
µ
A
(−)
µ A
(+)
µ
)](
Φ(+)
Φ(−)
)
, (A.13)
D5
(
Φ(+)
Φ(−)
)
≡
[
∂5 − ig5
(
A
(−)
5 A
(+)
5
A
(+)
5 A
(−)
5
)](
Φ(+)
Φ(−)
)
. (A.14)
It is important to note that the above action is manifestly gauge invariant under the gauge
group U(1)′ × U(1).
The next two sub-Appendices are devoted to two possible strategies for implementing
spontaneous gauge symmetry breaking for this Abelian U(1) symmetric case. We are going
to describe and compare: (i) SSB by vacuum expectation values of the KK modes and (ii)
SSB by a y-dependent vacuum expectation value of the 5D Higgs field.
A.1 SSB by vacuum expectation values of KK modes
In this case we will choose the 5D axial gauge, A
(±)
5 = 0. This gauge is realized by choosing
the gauge parameter such that,
Λ(±)(x, y) = −g5
∫
dyA
(∓)
5 (x, y) + Λˆ
(±)(x), (A.15)
where Λˆ(±)(x) is the integration constant (residual gauge freedom) and only depends on
xµ. Note that the Λˆ(−)(x), being an odd function of y, must vanish. Consequently, we are
left with only one 4D gauge function, Λˆ(+)(x).
It is convenient to parameterize the complex scalar field Φ(±)(x, y) as(
Φ(+)
Φ(−)
)
≡ eig5(pi(+)1+pi(−)τ1)
(
φ(+)
φ(−)
)
, (A.16)
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where φ(±)(x, y) and pi(±)(x, y) are real scalar fields. We KK-decompose the scalar fields
φ(±)(x, y), pi(±)(x, y) and the gauge fields A(±)µ (x, y) as
φ(±)(x, y) =
∑
n
φ(±)n (x)f
(±)
n (y), (A.17)
pi(±)(x, y) =
∑
n
pi(±)n (x)a
(±)
n (y), A
(±)
µ (x, y) =
∑
n
A(±)µn (x)a
(±)
n (y), (A.18)
where the scalar wave-functions f
(±)
n (y) and the gauge wave-functions a
(±)
n (y) satisfy
−∂5
(
e4A(y)∂5f
(±)
n (y)
)
+ µ2Be
4A(y)f (±)n (y) = m
(±)2
n e
2A(y)f (±)n (y), (A.19)
−∂5
(
e2A(y)∂5a
(±)
n (y)
)
= m2
A
(±)
n
a(±)n (y). (A.20)
The wave-functions f
(±)
n and a
(±)
n satisfy the following orthonormality conditions,∫ +L
−L
dye2A(y)f (±)m (y)f
(±)
n (y) = δmn,
∫ +L
−L
dya(±)m (y)a
(±)
n (y) = δmn. (A.21)
It is worth commenting here that the gauge field A
(±)
µ (x, y) and the scalar field pi(±)(x, y)
share the same y-dependent KK-eigen bases a
(±)
n (y), as is necessitated (see below) by the
Higgs mechanism. The KK-modes satisfy (4)A(±)µn (x) = m2
A
(±)
n
A
(±)
µn (x). The boundary
(jump) conditions for a
(±)
n (y) at y = 0 and y = ±L are,
∂5a
(+)
n (y)
∣∣∣
0+
= 0, a(−)n (y)
∣∣∣
0+
= 0, ∂5a
(±)
n (y)
∣∣∣
±L∓
= 0. (A.22)
We choose the Neumann b.c. for a
(+)
n (y) at y = 0,±L in order to insure that we get
non-zero even zero-mode gauge profiles. With regard to the odd modes, we have chosen
the Neumann b.c. of ∂5a
(−)
n (±L) = 0 — the other choice of a(−)n (±L) = 0 would lead to a
trivial theory with a
(−)
n (y) = 0 everywhere. Similarly, the jump and boundary conditions
for the even and odd scalar profiles f
(+)
n (y) are,(
∂5 − m
2
UV
2k
)
f (+)n (y)
∣∣∣
0
= 0, f (−)n (y)
∣∣∣
0
= 0,
(
±∂5 − m
2
IR
k
)
f (±)n (y)
∣∣∣
±L
= 0. (A.23)
Assuming that the KK-scale is high enough, i.e. mKK ∼ O(few) TeV, we can employ the
effective theory where only the lowest modes (zero-modes with masses much below mKK)
are considered. Equation (A.20) along with the b.c. (A.22) imply that the odd zero-mode
wave-function of the gauge boson is zero, i.e. a
(−)
0 = 0. As a result, in the effective theory
the odd zero-mode gauge boson A
(−)
0µ and odd parity Goldstone mode pi
(−)
0 are not present.
In contrast, the even zero-mode wave-function for the gauge boson has a constant profile
in the bulk, i.e. a
(+)
0 = 1/
√
2L. The forms of the scalar zero-mode wave functions f
(±)
0 (y)
are given by:
f
(±)
0 (|y|) '
√
k(1 + β)ekLe(2+β)k(|y|−L), (A.24)
where, f
(−)
0 (y) = (y)f
(−)
0 (|y|). The low-energy effective action for the zero-modes is
SeffAb = −
∫
d4x
{
1
4
F 0(+)µν F
µν
0(+) + ∂µφ
(+)
0 ∂
µφ
(+)
0 − µ2φ(+)20 + ∂µφ(−)0 ∂µφ(−)0 − µ2φ(−)20
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+
(
g
(+)2
0000φ
(+)2
0 + g¯
(+)2
0000φ
(−)2
0
)(
A
(+)
0µ − ∂µpi(+)0
)2
+ λ
(+)
0000φ
(+)4
0 + λ
(−)
0000φ
(−)4
0 + 6λ0000φ
(+)2
0 φ
(−)2
0
}
, (A.25)
where the mass parameter µ is defined as µ2 ≡ (1 + β)m2KKδIR, with the parameters
δIR ≡ m
2
IR
k2
− 2(2 + β), mKK ≡ ke−kL and β ≡
√
4 + µ2B/k
2. (A.26)
Above, the couplings have the following form in terms of the parameters of the 5D theory:
λ
(±)
0000 = λ0000 ' λ ≡ λIR(1 + β)2, g(+)0000 = g¯(+)0000 = g4 ≡
g5√
2L
. (A.27)
Our effective theory can be parameterized by redefining A
(+)
0µ (x) ≡ Aµ(x), pi(+)0 (x) ≡ pi(x),
Φ1(x) ≡ eig4pi(x)φ(+)0 (x), Φ2(x) ≡ eig4pi(x)φ(−)0 (x), (A.28)
in which case the above effective action can be written in a nice gauge covariant form as
SeffAb = −
∫
d4x
{
1
4
FµνF
µν +DµΦ∗1DµΦ1 +DµΦ∗2DµΦ2 + V (Φ1,Φ2)
}
, (A.29)
where the covariant derivative is defined as Dµ ≡ ∂µ − ig4Aµ and the scalar potential can
be written as
V (Φ1,Φ2) =− µ2|Φ1|2 − µ2|Φ2|2 + λ|Φ1|4 + λ|Φ2|4 + 6λ|Φ1|2|Φ2|2.
It is important to note that, after choosing the gauge A5(x, y) = 0, we are left with
a residual gauge freedom with a single purely 4D gauge parameter Λˆ(+)(x) such that the
above Lagrangian is invariant under the U(1) gauge transformation,
Aµ(x)→ A′µ(x) = Aµ(x) +
1
g4
∂µΛˆ
(+)(x), (A.30)
Φ1(x)→ Φ′1(x) = eig4Λˆ
(+)
Φ1(x), Φ2(x)→ Φ′2(x) = eig4Λˆ
(+)
Φ2(x). (A.31)
0
v1
-v1
F1
0
v2
-v2
F2
-0.5
0.0
0.5
VHF1,F2L
Figure 8: This graph illustrates shape
of the scalar potential V (Φ1,Φ2) as a
function of the fields Φ1 and Φ2.
Thus, besides Z′2×Z2 symmetry, the above potential
is invariant under U(1)′ × U(1). One U(1) has been
gauged while the other is a remnant of the global
unbroken symmetry associated with the odd gauge
transformation (Λ(−)) defined in Eqs. (A.7)-(A.8).
One can easily see from Fig. 8 that the scalar
potential V (Φ1,Φ2) has four degenerate global min-
ima at (±v1, 0) and (0,±v2). One can choose any of
these global vacua. We select the vacuum such that
the even parity Higgs Φ1 acquires a vev, whereas
the odd parity Higgs Φ2 does not. That choice of
vacuum implies values of v1 and v2 given by,
v1 =
µ√
λ
, v2 = 0. (A.32)
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Now let us consider the fluctuations of the above fields around our choice of the vacuum,
Φ1(x) =
1√
2
(
v1 + h
)
eig4pi(x), Φ2(x) =
1√
2
χeig4pi(x). (A.33)
We rewrite our effective action (A.29) only up to the quadratic order in fluctuations as
S
(2)
Ab =−
∫
d4x
{
1
4
FµνF
µν +
g24v
2
1
2
(
Aµ − ∂µpi
)2
+
1
2
∂µh∂
µh+
1
2
m2hh
2 +
1
2
∂µχ∂
µχ+
1
2
m2χχ
2
}
.
(A.34)
The mixing between Aµ and pi in the above action can be removed by an appropriate 4D
gauge choice. Here we will choose the 4D unitary gauge such that pi = 0 and the gauge
field acquires mass. The remaining scalars are h and χ with masses
m2h = m
2
χ = 2µ
2. (A.35)
Hence, the full effective Abelian action can be written in the 4D unitary gauge as
SeffAb = −
∫
d4x
{
1
4
FµνF
µν +
1
2
m2AAµA
µ +
1
2
∂µh∂
µh+
1
2
m2hh
2 +
1
2
∂µχ∂
µχ+
1
2
m2χχ
2
+ λv1h
(
h2 + 3χ2
)
+
1
4
λh4 +
1
4
λχ4 +
3
2
λh2χ2
+ g24v1hAµA
µ +
1
2
g24
(
h2 + χ2
)
AµA
µ
}
, (A.36)
where
m2A ≡ g24v21 = g24
µ2
λ
. (A.37)
To summarize, the zero-mode effective theory for the Abelian case has two real scalars with
equal mass and a massive gauge boson. Also, the above action is invariant under the Z2
symmetry h→ h and χ→ −χ.
A.2 SSB by a vacuum expectation value of the 5D Higgs field
In this subsection, we write the complex scalar fields Φ(±) as(
Φ(+)(x, y)
Φ(−)(x, y)
)
=
1√
2
eig5(pi
(+)(x,y)1+pi(−)(x,y)τ1)
(
v(y) + h(+)(x, y)
h(−)(x, y)
)
. (A.38)
As mentioned above, the vev v(y) is only associated with the even Higgs field Φ(+) and it is
even under the geometric Z2 parity 10. The fluctuations h(+)(x, y) and pi(+)(x, y) are even,
whereas the fluctuations h(−)(x, y) and pi(−)(x, y) are odd under the Z2 geometric parity.
We can write the action Eq. (A.9) up to quadratic order in fields as
S
(2)
Ab =−
∫
d5x
{
1
4
F (+)µν F
(+)µν +
1
2
e2A(y)
(
(∂µA
(+)
5 )
2 + (∂5A
(+)
µ )
2 + g25v
2A(+)µ A
(+)µ
)
10There exists also an odd parity vacuum solution but as our geometric setup is symmetric, therefore we
choose the even vacuum solution v(y) for the scalar field. With this choice of the background solution,
the fluctuations will have a definite parity. Note that the choice of odd vacuum solution could lead to the
breaking of geometric Z2 symmetry.
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+
(
e2A(y)g25v
2pi(+) − ∂5(e2A(y)A(−)5 )
)
∂µA
(+)µ +
1
2
e2A(y)
(
(∂µh
(+))2 + g25v
2(∂µpi
(+))2
)
+
1
2
e4A(y)
(
(∂5v + ∂5h
(+))2 + g25v
2
(
A
(−)
5 − ∂5pi(+)
)2
+ µ2B(v + h
(+))2
)
+
1
4
F (−)µν F
(−)µν +
1
2
e2A(y)
(
(∂µA
(−)
5 )
2 + (∂5A
(−)
µ )
2 + g25v
2A(−)µ A
(−)µ
)
+
(
e2A(y)g25v
2pi(−) − ∂5(e2A(y)A(+)5 )
)
∂µA
(−)µ +
1
2
e2A(y)
(
(∂µh
(−))2 + g25v
2(∂µpi
(−))2
)
+
1
2
e4A(y)
(
(∂5h
(−))2 + g25v
2
(
A
(+)
5 − ∂5pi(−)
)2
+ µ2Bh
(−)2
)}
. (A.39)
where the indices are raised and lowered by the Minkowski metric. The bulk equation of
motion for the background Higgs vev corresponding to the above action is[
− ∂5
(
e4A(y)∂5
)
+ µ2Be
4A(y)
]
v(y)
= −e4A(y)
[
∂VIR(v)
∂v
δ(y + L) +
∂VUV (v)
∂v
δ(y) +
∂VIR(v)
∂v
δ(y − L)
]
, (A.40)
and the bulk equations of motion for all the fluctuations are[
− e2A(y)(4) − ∂5
(
e4A(y)∂5
)
+ µ2Be
4A(y)
]
h(±)(x, y)
= −e4A(y)
[
∂2VUV (v)
∂v2
h(±)δ(y) +
∂2VIR(v)
∂v2
h(±)
(
δ(y − L) + δ(y + L)
)]
, (A.41)
(4)A(±)µ + ∂5
(
M2A∂5A
(±)
µ
)
−M2AA(±)µ
= ∂µ
(
∂νA(±)ν + ∂5(e
2A(y)A
(∓)
5 )−M2Api(±)
)
, (A.42)
(4)A(±)5 − ∂5
(
∂νA(∓)ν
)
−M2A
(
A
(±)
5 − ∂5pi(∓)
)
= 0, (A.43)
(4)pi(±) − ∂νA(±)ν −M−2A ∂5
(
M2Ae
2A(y)(A
(∓)
5 − ∂5pi(±))
)
= 0, (A.44)
where M2A ≡ g25v2(y)e2A(y). The jump conditions at the UV-brane following from the
equations of motion above are:(
∂5 − ∂VUV (v)
∂v
)
v(y)
∣∣∣
0+
= 0,
(
∂5 − ∂
2VUV (v)
∂v2
)
h(+)(x, y)
∣∣∣
0+
= 0, (A.45)
whereas the odd fields must vanish at y = 0. In addition, we choose the boundary conditions
at ±L:(
±∂5 + ∂VIR(v)
∂v
)
v(y)
∣∣∣
±L∓
= 0,
(
±∂5 + ∂
2VIR(v)
∂v2
)
h(±)(x, y)
∣∣∣
±L∓
= 0, (A.46)
∂µA
(±)
5 (x, y)− ∂5A(∓)µ (x, y)
∣∣∣
±L∓
= 0, A
(∓)
5 (x, y)− ∂5pi(±)(x, y)
∣∣∣
±L∓
= 0, (A.47)
where L± ≡ L±  for → 0.
We find the following vacuum solutions for v(y):
v(y) = C1e
(2+β)k|y| + C2e(2−β)k|y|, − L ≤ y ≤ L, (A.48)
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where C1 and C2 are the integration constants. We apply the jump condition (A.45) at
y = 0 and the boundary condition at y = ±L (A.46) to fix the two integration constants
as,
C2 = − δUV
δUV + 4β
C1, (A.49)
C1 =
√
k3
λIR
(
δIR − δUV (δIR + 4β)
δUV + 4β
e−2βkL
)
e−(2+β)kL
(
1− e
−2βkLδUV
δUV + 4β
)−3/2
, (A.50)
where δUV ≡ m2UV /k2 − 2(2 + β) and δIR is defined in Eq. (A.26). For kL  1 and
β > 0, the terms proportional to e−2βkL are negligible in the region of interest (near the
IR-brane). Hence the vacuum solution for the scalar field can be written as:
v(y) '
√
k3δIR
λIR
e(2+β)k(|y|−L) ≡ v4fv(y), (A.51)
where the constant vev v4 and the y-dependent vev profile fv(y) are:
v4 ≡
√
m2KKδIR
λIR(1 + β)
, fv(y) ≡
√
k(1 + β)ekLe(2+β)k(|y|−L). (A.52)
The y-dependent vev profile satisfies the orthonormality condition∫ L
−L
dye2A(y)f2v (y) = 1. (A.53)
From the above solution we conclude that for λIR > 0 (as required by the positivity of the
tree-level potential) one needs δIR > 0, i.e. m
2
IR/k
2 > 2(2 + β). It is worth mentioning
here that the quartic term in the IR-brane potential is crucial for a non-trivial vev profile
v(±)(y). If the quartic term would have been absent in the VIR, i.e. λIR = 0, then the b.c.
(A.45) and (A.46) would have implied v(y) = 0. Even though the quartic term is not in
the bulk (only localized at the IR-brane), nevertheless, the b.c. imply the non-zero profile
in the bulk.
In the above action there are mixing terms of ∂µA
(±)µ with the scalars pi(±) and A(±)5 ,
which can be canceled by adding the following gauge fixing Lagrangian to the above action,
SGF = −
∫
d5x
{
1
2ξ
[
∂µA
µ(+) − ξ
(
M2Api
(+) − ∂5
(
e2A(y)A
(−)
5
))]2
+
1
2ξ
[
∂µA
µ(−) − ξ
(
M2Api
(−) − ∂5
(
e2A(y)A
(+)
5
))]2}
. (A.54)
One can identify the Goldstone modes from the above two Eqs. (A.39) and (A.54):
Π(±)(x, y) ≡M2Api(±) − ∂5
(
e2A(y)A
(∓)
5
)
, (A.55)
along with the two pseudoscalars A(±)5 (x, y) given as
A(±)5 (x, y) ≡ A(±)5 − ∂5pi(∓). (A.56)
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The resulting four pseudoscalars above along with the two h(±) scalar fields agrees with the
naive counting before SSB of three even-parity scalars (h(+)(x, y), pi(+)(x, y) and A
(+)
5 (x, y))
and three odd-parity scalars (h(−)(x, y), pi(−)(x, y) and A(−)5 (x, y)). It is seen from the
Eq. (A.39) quadratic action that both the even and odd gauge bosons A
(±)
µ (x, y) acquire
mass from the Higgs mechanism, whereby the two Goldstone bosons are eaten up by these
gauge bosons.
In order to obtain an effective 4D Lagrangian we need to integrate the above quadratic
Lagrangian over the y-coordinate. The first step to achieve this is to decompose all the
fields in KK-modes. We will use the following decomposition,
A(±)µ (x, y) =
∑
n
A(±)µn (x)a˜
(±)
n (y), h
(±)(x, y) =
∑
n
h(±)n f˜
(±)
n (y), (A.57)
Π(±)(x, y) =
∑
n
Π(±)n (x)a˜
(±)
n (y)m˜
(±)
An
, A(±)5 (x, y) =
∑
n
A(±)n (x)η(±)n (y), (A.58)
where a˜
(±)
n (y), η
(±)
n (y) and f˜
(±)
n (y) are the 5D profiles for the vector fields (the same for
the Goldstone fields), the pseudoscalars and the Higgs bosons, respectively. The e.o.m. for
the wave-functions f˜
(±)
n (y), a˜
(±)
n (y) and η
(±)
n (y) are
−∂5(e4A(y)∂5f˜ (±)n (y)) + µ2Be4A(y)f˜ (±)n (y) = m˜(±)2n e2A(y)f˜ (±)n (y), (A.59)
−∂5(e2A(y)∂5a˜(±)n (y)) +M2Aa˜(±)n (y) = m˜(±)2An a˜(±)n (y), (A.60)
−∂5
(
M−2A ∂5(M
2
Ae
2A(y)η(±)n (y))
)
+M2Aη
(±)
n (y) = m
(±)2
An η
(±)
n (y), (A.61)
where m˜
(±)
n , m˜
(±)
An
and m
(±)
An are the KK-masses for h
(±)
n , A
(±)
µn (x) and φ
(±)
n (x). The nor-
malization conditions for the wave-functions f˜
(±)
n (y), a˜n(y) and ηn(y) are∫ +L
−L
dye2A(y)f˜ (±)m (y)f˜
(±)
n (y) = δmn,
∫ +L
−L
dya˜(±)m (y)a˜
(±)
n (y) = δmn (A.62)∫ +L
−L
dy
M2Ae
2A(y)
m
(±)
Amm
(±)
An
η(±)m (y)η
(±)
n (y) = δmn. (A.63)
Following the general strategy mentioned in Sec. 2.3, we choose the y = 0 b.c. for the
even wave functions as Neumann (or mixed) b.c., whereas all the odd-mode wave functions
satisfy Dirichlet b.c. at y = 0:(
∂5 − m
2
UV
2k
)
f˜ (+)n (y)
∣∣∣
0
= 0, f˜ (−)n (y)
∣∣∣
0
= 0, (A.64)
∂5a˜
(+)
n (y)
∣∣∣
0
= 0, a˜(−)n (y)
∣∣∣
0
= 0, ∂5η
(+)
n (y)
∣∣∣
0
= 0, η(−)n (y)
∣∣∣
0
= 0. (A.65)
The b.c. for wave-functions f˜
(±)
n , a˜
(±)
n and η
(±)
n at y = ±L follow from Eqs. (A.46)-(A.47),(
±∂5 − m
2
IR
2k
+
3λIR
2k2
v2(y)
)
f˜ (±)n (y)
∣∣∣
±L∓
= 0, ∂5a˜
(±)
n (y)
∣∣∣
±L
= 0, η(±)n (y)
∣∣∣
±L
= 0.
(A.66)
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One can also easily find the KK-decomposition of the fluctuation fields A
(±)
5 (x, y) and
pi(±)(x, y) in terms of Goldstone bosons Π(±) and the physical scalarsA(±)5 from Eqs. (A.55)-
(A.56):
A
(±)
5 (x, y) =
∑
n
(
Π
(∓)
n (x)
m˜
(∓)
An
∂5a˜
(∓)
n (y)−
M2A
(m
(±)
An )
2
A(±)n (x)η(±)n (y)
)
, (A.67)
pi(±)(x, y) =
∑
n
(
Π
(±)
n (x)
m˜
(±)
An
a˜(±)n (y)−
M−2A
(m
(∓)
An )
2
∂5
(
M2Ae
2A(y)η(∓)n (y)
)
A(∓)n (x)
)
, (A.68)
Now we consider the low-energy effective theory obtained by assuming that the KK-
mass scale is high enough that we can integrate out all the heavier KK modes and keep only
the zero-modes of the theory. From here on, we choose the unitary gauge such that ξ →∞
which implies Π
(±)
n (x)→ 0. Moreover, with our choice of boundary conditions for a(−)0 (y)
and η
(±)
0 (y) in Eqs. (A.65) and (A.66) one can see that the corresponding wave-functions
for zero-modes are vanishing, i.e. there will be no zero-modes A
(−)
0µ (x) and A(±)0 (x) in our
effective theory. The y-dependent vev and the zero-mode profiles for even and odd Higgs
are given by
fv(y) ≡
√
k(1 + β)ekLe(2+β)k(|y|−L), (A.69)
f˜
(±)
0 (|y|) ≈
√
k(1 + β)ekLe(2+β)k(|y|−L), f˜ (−)0 (y) = (y)f˜
(−)
0 (|y|), (A.70)
where µ2 ≡ (1 + β)m2KKδIR and λ ≡ λIR(1 + β)2. It is important to comment here that
at the leading order the vev profile and zero-mode profiles are the same. However, there
are finite corrections which are suppressed by O (m2h/m2KK) as given below
f˜
(±)
0 (|y|)
fv(|y|) = 1 +
m2h
m2KK
(
1− e2k(|y|−L)
4(1 + β)
+O
( m2h
m2KK
))
. (A.71)
We can now write down the effective theory for the zero-modes in the unitary gauge:
Seff = −
∫
d4x
{
1
4
FµνF
µν +
1
2
m˜2AAµA
µ +
1
2
∂µh∂
µh+
1
2
m˜2hh
2 +
1
2
∂µχ∂
µχ+
1
2
m˜2χχ
2
+
1
4
λh4 +
1
4
λχ4 +
3
2
λh2χ2 + λv4h
(
h2 + 3χ2
)
+ g˜24v4hAµA
µ +
1
2
g˜24
(
h2 + χ2
)
AµA
µ
}
, (A.72)
where we have denoted A
(+)
0µ (x) ≡ Aµ(x) and we have suppressed the zero-mode subscript
‘0’ for all modes. After some algebra, using the boundary conditions, one can find the
masses of the zero-mode scalars and gauge boson at the leading order:
m˜2h = m˜
2
χ ' 2µ2, m˜2A '
1
2L
∫ L
−L
dyM2A = g˜
2
4v
2
4, (A.73)
where µ2 ≡ (1 + β)m2KKδIR, v4 ≡ µ/λ and g˜4 ≡ g5/
√
2L.
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EWSB by KK mode vev EWSB by 5D Higgs vev
5D fields KK-modes n = 0 n 6= 0 KK-modes n = 0 n 6= 0
ReΦ(+) φ
(+)
n (x) 3 3 h
(+)
n (x) 3 3
ReΦ(−) φ(−)n (x) 3 3 h
(−)
n (x) 3 3
ImΦ(+) pi
(+)
n (x) 7(4D g.c.) 3 Π
(+)
n (x) 7(4D g.c.) 7(4D g.c.)
ImΦ(−) pi(−)n (x) 7(b.c.) 3 Π
(−)
n (x) 7(4D g.c.) 7(4D g.c.)
A
(+)
5 A
(+)
5n (x) 7(5D g.c.) 7(5D g.c.) A(+)n (x) 7(b.c.) 3
A
(−)
5 A
(−)
5n (x) 7(5D g.c.) 7(5D g.c.) A(−)n (x) 7(b.c.) 3
A
(+)
µ A
(+)
µn (x) 3 3 A
(+)
µn (x) 3 3
A
(−)
µ A
(−)
µn (x) 7(b.c.) 3 A
(−)
µn (x) 7(b.c.) 3
Table 1: Comparison of dynamical d.o.f. between KK-mode-vev and 5D-Higgs-vev EWSB. The
b.c. (boundary condition) and g.c. (gauge choice) show why a given mode is not present in the
corresponding effective theory. Note that Π
(±)
n is a mixture of pi
(±)
n and A
(±)
5n , see Eq. (A.55).
Comparison: In order to facilitate comparison between the two approaches, we collect
information concerning all the low-energy degrees of freedom for both pictures in Table 1.
Comparing the effective theories obtained within EWSB induced by the Higgs KK-mode
vev and by a 5D-Higgs vev in (A.36) and (A.72) one finds that both approaches give exactly
the same zero-mode effective theory up to O(m2h/m2KK ∼ 10−3) corrections. We have
checked that the scalar masses are exactly same to all orders in the expansion parameter
m2h/m
2
KK . In contrast, the gauge boson masses and the couplings can have subleading
differences of order O(m2h/m2KK). Note that we have neglected all the effects due to the
non-zero KK-modes, such effects being suppressed by their masses, i.e. O(m2h/m2n). Hence
we conclude that the two approaches to EWSB discussed above give the same low-energy
(zero-mode) effective theory aside from small deviations of order O(m2h/m2KK). To make
this comparison more transparent we summarize the parameters of both effective theories in
terms of the fundamental parameters of the 5D theory in Table 2. The observed agreement
at the zero-mode level of the effective theory is a non-trivial verification of the results
obtained here.
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EWSB by KK mode vev EWSB by 5D Higgs vev Comment
f0(y) '
√
k(1 + β)ekLe(2+β)k(|y|−L) f˜0(y) '
√
k(1 + β)ekLe(2+β)k(|y|−L) same
v21 =
µ2
λ
(
1−O
(
m2h
m2KK
))
v24 =
µ2
λ and fv(y) = f˜0(y) O
(
m2h
m2KK
)
m2h = m
2
χ = 2µ
2
(
1−O
(
m2h
m2KK
))
m˜2h = m˜
2
χ = 2µ
2
(
1−O
(
m2h
m2KK
))
same
a0(y) =
1√
2L
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